Insect mating behavior is controlled by a diverse array of sex-specific traits and strategies that evolved to maximize mating success. Orchid bees exhibit a unique suite of perfume-mediated mating behaviors. Male bees collect volatile compounds from their environment to concoct species-specific perfume mixtures that are presumably used to attract conspecific females.
neural morphology are often observed across insect lineages and likely evolved in response to lineage-specific sensory adaptation (Hansson & Anton, 2000) .
Some of the most prominent examples of sexual dimorphism in the insect olfactory pathway are found in the primary olfactory center of the insect brain, the antennal lobe (AL). This structure is innervated by odor-detecting olfactory sensory neurons (OSNs) that project from each antenna via the antennal nerve. The AL comprises tens to hundreds of globular structures called glomeruli (Baumann, Oland, & Tolbert, 1996; Shepherd, 1974) . Each glomerulus is innervated by axons from all OSNs that express the same type of odorant receptor (Vosshall, Wong, & Axel, 2000) . Within each glomerulus, OSNs form numerous synaptic contacts with local interneurons (mostly inhibitory) and projection neurons, forming local networks responsible for primary odor processing (Fonta, Sun, & Masson, 1993; Homberg, Montague, & Hildebrand, 1988; Kanzaki, Soo, Seki, & Wada, 2003; Rybak et al., 2016) . Projection neurons convey olfactory information to higher-order integration centers, the mushroom body and the lateral horn (Abel, Rybak, & Menzel, 2001; Arbas, Strausfeld, & Hildebrand, 1989; Hildebrand, 1996; Kanzaki, Malun, Waldow, Kraus, & Boeckh, 1993; Kanzaki et al., 2003; Watanabe, Nishino, Mizunami, & Yokohari, 2017; Zube, Kleineidam, Kirschner, Neef, & Rössler, 2008) .
Sexual dimorphism in the olfactory pathway may involve sexspecific differences in the total number of glomeruli present in the AL or in the size of individual glomeruli (Hansson & Anton, 2000) . Such morphological differences are often linked to sex-specific behavior during foraging, social interactions, or mating. Insect species that rely on pheromone communication often exhibit enlarged glomeruli in the sex that detects and encodes pheromones (Couto et al., 2016; Montgomery & Ott, 2015; Kuebler, Kelber, & Kleineidam, 2010; Zhao et al., 2016) . Many of these so-called macroglomeruli show neuronal activity toward single pheromone compounds and/or pheromone blends and likely represent sensory adaptations to pheromone communication in insects (Deisig et al., 2012; Galizia & Menzel, 2001; Hansson & Anton, 2000; Sandoz, 2006) .
Insect sex pheromone signals are usually produced in highly specialized glands by one sex in order to attract the opposite sex (Prestwich & Blomquist, 2014; Wyatt, 2003) . Accordingly, pheromone communication systems are classically separated into sender and receiver components, with often clearly identified sensory adaptations in the receiving sex. In orchid bees, however, this classification is less straightforward. Orchid bee males collect scents from floral and nonfloral sources to concoct a complex species-specific chemical "perfume" blend (Dressler, 1982; Eltz, Whitten, Roubik, & Linsenmair, 1999; Roubik & Hanson, 2004; Weber, Mitko, Eltz, & Ramírez, 2016; Zimmermann, Ramírez, & Eltz, 2009 ). The perfume is subsequently released during a stereotypical display behavior at perching sites (Pokorny et al., 2017) . It is only in combination with perfume display behavior that mating occurs (Dodson, 1966; Kimsey, 1980; Pokorny et al., 2017; Stern, 1991; Zimmermann, Roubik, & Eltz, 2006) . Although the exact function of perfume bouquets is still unclear, they are most likely involved in sexual selection, presumably by enabling species-specific recognition or the discrimination of males within a species.
In orchid bees, both sexes need to detect and process perfume signals. Male bees exhibit a strong attraction to individual chemical compounds that are part of their perfume blend as well as to the entire perfume blend, which they readily collect when presented in the field (Dodson, Dressler, Hills, Adams, & Williams, 1969; Dressler, 1982; Roubik & Hanson, 2004; Zimmermann et al., 2006) . Females on the other hand are attracted to display sites during active male perfume display, that is, when the complete blend is presented. Therefore, the male and female olfactory systems must ensure the detection and recognition of the chemical components present in the species-specific perfume, to produce and recognize the perfume blend in order to attract and find suitable mates. This scenario deviates substantially from classic pheromone communication systems in that here both sexes need to actively interact with the signal (i.e., perfume) and/or its individual chemical components at some point in their life. While the chemical ecology of perfume collection (Weber et al., 2016; Zimmermann et al., 2009) and the evolutionary genetics of olfactory gene families are well understood (Brand & Ramírez, 2017; Brand et al., 2015) , the neurobiology of orchid bee olfaction remains unexplored.
Orchid bee mating behavior likely involves other sensory components in addition to olfactory cues (Kimsey, 1980) . Male bees expose perfumes through a stereotypic behavior in which perfume is released during repetitive short hovering flights off perching sites (Dressler, 1982; Pokorny et al., 2017) . In addition to perfume display, males engage in patrolling flights and male-male interactions consisting of fast flight routines including two or more "jousting" individuals (Roubik & Hanson, 2004) . Although the prevalence of this behavior across the phylogeny of orchid bees remains unknown, males from species of multiple genera exhibit similar territorial behaviors (Kimsey, 1980; Roubik & Hanson, 2004) . Both, male-male interactions and patrolling behavior likely require a powerful visual system. Thus, in addition to possible sensory adaptations related to perfume communication, orchid bee mating behavior may also exhibit sex-specific specializations of the visual system. To this day, the visual system of orchid bees remains mostly unexplored (but see Taylor et al., 2016) .
Here we analyze the brain morphology of the orchid bee Euglossa dilemma to answer four related questions. (a) Do the brain regions associated with olfaction and vision exhibit different relative sizes between sexes? (b) Is the number of glomeruli in the AL sex-specific? (c) Are there macroglomeruli in males and/or females? (d) Is the brain and the external head morphology in orchid bees substantially different relative to other bee species that lack perfume collection behavior? 2 | MATERIALS AND METHODS
| Sampling
Males and females of E. dilemma were caught in the wild at the Fern Forest Natural Center in Broward County, FL, USA (26 13 0 45.8 00 N, 80 11 0 08.3 00 W) in August 2017. Whole bees or heads were placed in 95% ethanol immediately after collection for tissue preservation.
| Head morphology measurements
Head morphology was measured based on photographs taken from pinned and dried specimens. Photographs of the head were taken from the frontal, lateral, and ventral view with a Leica S6D microscope at 6x magnification for the frontal and lateral as well as 12x for the ventral view. We measured a total of eight distance parameters (Table 1) in 10 individuals of each sex using ImageJ (Schneider, Rasband, & Eliceiri, 2012) . Pixels were transformed into mm in ImageJ using the photograph of a ruler placed next to the samples. In addition to these measurements, we calculated the frontal eye width by subtracting the frontal inter eye span from the head width. Eye surface area was measured from replicas made with nail polish (Ribi, Engels, & Engels, 1989) . Replicas were flattened by small incisions with a micro scalpel and photographed using a Leica S6D microscope. Absolute areas were estimated using ImageJ. We measured both eyes in 5 of the 10 individuals of each sex and calculated the mean eye area per individual, which was then used in all analyses. In order to correct for potential body size differences between males and females, we measured the intertegula span of all individuals, which is considered an accurate estimator of body size in bees (Cane, 1987) . Photographs of the dorsal thorax were taken at 6x magnification and distance measurements were made in ImageJ. To correct for body size, we divided all parameters by the intertegula span for all individuals. We performed non-parametric Mann-Whitney U tests to test for differences between males and females for each size-corrected measurement.
| Brain preparation
Brains were fixed in 4% paraformaldehyde (in 0.1M phosphatebuffered saline (PBS); pH 7.2) for 3 days at 4 C. Brains were dissected from the head capsule either before or after fixation. After fixation and dissection, brains were washed in PBS (3 x 10 min) and stained in 10% neutral red solution (Neutral Red Solution, Buffered; Sigma-Aldrich) for three hours at room temperature. Afterwards the brains were washed in PBS (4 x 10 min) and dehydrated in an ethanol series (50%, 70%, 90%, 95%, 3 x 100%, 10 min each). The dehydrated brains were then cleared in pure methyl salicylate (Sigma-Aldrich) at 4 C for at least three days.
| Confocal microscopy
Brains were mounted on custom aluminum slides with a central hole covered by coverslips on both sides. The mounts were imaged using a confocal laser-scanning microscope (LSM700; Carl Zeiss, Jena, Germany) with a solid-state 555 nm laser beam. Whole-mount brain scans were performed with a W N-Achroplan 10x 0.3 NA objective and 2x2 tile-scanning at 3 μm intervals (2x line average), creating 2,000 x 2,000 pixel stacks used for 3D reconstruction. ALs were scanned with a W Plan-Apochromat 20 x/1.0 NA DIC objective at 1 μm intervals (2x line average), creating confocal stacks of 1,024 x 1,024 pixels.
| 3D reconstruction
We used the image stacks to perform 3D reconstructions of whole brains (N = 4 for each sex) and ALs (N = 5 for each sex). For whole brain reconstructions, six neuropils were reconstructed by segmentation and interpolation or wrapping in Amira 5.4.3 (FEI, Berlin, Germany; RRID: SCR_007353). These included three visual neuropils (medulla, lobula, and the anterior optic tubercle) as well as the AL, central complex, and MB (as single volume including the calyces, peduncle, and horizontal and vertical lobes). Paired structures (all but the central complex) were always both measured and the total volume was used in all analyses. The total volume of all selected neuropils was considered as an estimate of total brain volume. ALs were reconstructed based on the AL stacks by outlining all glomeruli in three planes (xy, xz, yz) and building 3D models of each glomerulus with the wrap feature in Amira. Absolute volumes of each neuropil were estimated using Amira. Relative volumes were computed by dividing the volume of each neuropil by the total brain volume for each individual.
A non-parametric Mann-Whitney U-test was used to test for differences between volumes. Relative volumes were arcsine transformed before testing following Streinzer, Kelber, et al. (2013b) .
| Antennal lobe organization
To identify possible differences in AL organization, we compared the number and size-distribution of glomeruli between sexes. Nonparametric Mann-Whitney U tests were used to test for significant differences in glomeruli number and total glomerular volume, defined as the sum of all individual glomerular volumes. To identify potential macroglomeruli, we analyzed the size distribution of relative glomerular volumes for outliers in each sex. To test if conspicuous glomeruli represent outliers relative to the overall distribution of glomerular volumes, we performed the K statistic, a recently developed All values are corrected measurements for individual intertegula span ± SD of 10 individuals per sex with the exception of eye area, which is the mean of both eyes in five individuals per sex. Significant p-values under a Mann-Whitney-U test (p ≤ 0.05) are indicated in bold. Abbreviations correspond to measurements in Figure 1 . See Supporting Information Table S1 for raw measurements.
nonparametric test that determines the relative distance of glomeruli from the main distribution between the 10th and 90th percentile (Kuebler et al., 2010; Streinzer, Kelber, et al., 2013) using the following formula:
Where V G is the volume of the focal glomerulus, V L the 10th percentile, and V U the 90th percentile of glomerular volume distribution. Following Roselino, Hrncir, da Cruz Landim, , glomeruli with a K value between 1.5 and 3 were defined as mild outliers and glomeruli with a K ≥ 3 were defined as extreme outliers. Only extreme outliers were classified as macroglomeruli. K values for conspicuous glomeruli were calculated for each individual. All statistical analyses were performed in base R (R Core Team, 2010).
3 | RESULTS
| Head morphology
Head morphology in E. dilemma males and females was similar to the naked eye ( Figure 1) . However, precise measurements revealed that eye area was increased in males compared to females (Table 1; Supporting Information Table S1 ). Furthermore, relative eye length (EL) and both anterior and dorsal inter-eye span (IEa and IEd) were larger in females than in males. While these measurements were statistically significant, the differences of the mean values for IEa, IEd, and EL were small (between 0.03 and 0.04 cm; Supporting   Information Table S1 ), and should be interpreted with caution. All comparisons were corrected for body size, which indicates that female eyes have a tendency to be relatively longer while male eyes show a tendency to be wider and of increased area. All other head measurements showed no differences between sexes.
| Whole-brain reconstructions
In agreement with the similarity in head size observed between sexes, there were no differences in the estimated total volume of all neuropils between males and females (Males: 5.03 × 10 8 ± 3.1 × 10 7 μm 3 , Females: 4.8 × 10 8 ± 7.0 × 10 7 μm 3 , p = 0.7, Mann-Whitney-U test).
Similarly, the different neuropils did not exhibit any absolute size differences (p > 0.2, Mann-Whitney-U test; Figure 2b ), but the relative volume of the medulla was higher in males and the relative volume of the mushroom bodies was increased in females (p < 0.05, Mann-Whitney-U test; Figure 2c ). The remaining neuropils exhibited similar relative volumes in both sexes (p ≥ 0.05, Mann-Whitney-U test).
| Antennal lobes
Individual glomeruli were clearly discernible in all ALs allowing for complete 3D reconstructions. We found a significantly higher number of glomeruli in the female than in the male AL (females: 162 ± 1.6; males: 141.6 ± 2.3; Student's t-test: t = −17.13, p < 0.001). Close examination of the ALs in both sexes showed that this higher number in females originated from the existence of a female-specific cluster of 17 to 20 small glomeruli (mean: 18.2 ± 1.1 glomeruli) on the caudodorsal side of the antennal nerve with slightly medial orientation The relative size distribution of individual glomerular volumes was generally similar between sexes with the exception of a peak at 5% relative volume in males, which was absent in females ( Figure 4 ). This peak corresponded to one very large glomerulus that was found in all male ALs but not in females, located on the laterodorsal side of the AL (Figure 3 ). In addition to this glomerulus (G1), we identified a second conspicuously large glomerulus (G2), located adjacent to G1 on the ventral side ( Figure 3) . The glomeruli G1 and G2 had a mean relative size of 5.8% and 2.7%, respectively, relative to the total AL volume.
Due to the larger size of these glomeruli we were not able to unambiguously identify putatively homologous glomeruli in the female AL. We used the K statistic in order to test if these glomeruli qualify as macroglomeruli. This analysis revealed that G1 was an extreme outlier (K = 4 ± 0.45) and thus qualifies as a macroglomerulus (i.e., MG1).
G2 on the other hand was only a mild outlier (K = 1.7 ± 0.25). None of the female glomeruli were outliers.
| DISCUSSION

| Sex-specific investment in the visual system suggests increased visual processing capabilities in males
Our analyses of the E. dilemma head morphology revealed that eye size tends to be larger in males than in females. In accordance, the Medulla, a visual neuropil, showed a similar tendency to be enlarged in males. This is a common pattern in sexual dimorphism of Hymenopteran head and brain morphology and is usually related to a higher number and/or a larger size of the ommatidia in males (Narendra et al., 2011; Ribi et al., 1989; Streinzer, Brockmann, et al., 2013;  Streinzer & Spaethe, 2014). The visual system in bees is involved in a multitude of behaviors including foraging, predator evasion, and mating. Both male and female orchid bees forage for floral resources such as nectar and pollen, and thus are likely to have similar visual requirements to locate and discriminate floral resources. In addition, males and females are likely to be exposed to predators equally during scent collection and foraging. Thus, a higher investment in the male visual system is unlikely to be driven by foraging behavior alone. In contrast, male-specific behaviors, such as mating display, may underlie a greater investment in the visual system in males.
During perfume display, male bees establish territories around perching sites used for perfume release and mating (Kimsey, 1980; Stern, 1991 Fast flight and the ability to detect fast flying conspecifics is a part of mating behavior in many bee species, especially corbiculate bees, which include honey bees, bumble bees, stingless bees, and orchid bees. In most bee species analyzed to date, a higher investment in visual neuropils has been detected in males (Roselino et al., 2015; Streinzer, Kelber, et al., 2013) . Remarkably in corbiculate bees, males often rely on visual cues to spot and catch females during flight since mating can be airborne and often includes scrambling competition. (Eickwort & Ginsberg, 1980; Ruttner, 1956; Zmarlicki & Morse, 1963) .
Such behavior likely requires a specialized male visual system. However, orchid bees exhibit mating behaviors that are unique among bees. In order to mate, a female approaches a perching site from downwind and lands on the tree where she copulates with the displaying male (Pokorny et al., 2017; Stern, 1991; Zimmermann et al., 2006) . Although vision likely plays an important role in orchid bee mating behavior, there is no indication of male scrambling competition or the need to catch a female inflight in order to mate. Therefore, in contrast to most bee lineages, it is more likely that the observed sexual dimorphism in the orchid bee visual system correlates with premating competition rather than active mate detection. A higher investment in the visual system in male bees may underlie different aspects of male mating behavior across different bee lineages.
| Sexual dimorphism in the antennal lobe suggests sex-specific olfactory adaptations
Our whole-brain reconstructions revealed similar volumes of the antennal lobes between sexes, while the size of the mushroom body relative to the overall brain size was higher in females. While this supports previous findings on sex-specific differences in multimodal sensory integration and memory in Hymenoptera, it shows that investments in first-order olfactory processing neuropils are similar between sexes in E. dilemma, which is uncommon in ants and bees (Ehmer & Gronenberg, 2004; Kuebler et al., 2010; Roselino et al., 2015; Streinzer, Kelber, et al., 2013b) .
The most profound difference between the male and female olfactory brain regions we analyzed was in the number and morphology of glomeruli in the ALs. Such differences are usually hypothesized to be related to the olfactory capabilities of each sex and are common in bees and other Hymenopterans (Arnold et al., 1985; Hansson & Anton, 2000; Roselino et al., 2015; Streinzer, Kelber, et al., 2013 Roselino et al., 2015; Streinzer, Kelber, et al., 2013) . Interestingly, the difference between sexes in E. dilemma was the lowest measured for any bee species so far (141 vs. 162, −13%),
which may indicate that male and female orchid bees have more similar olfactory capabilities compared to other bee lineages. Interestingly, the higher number of glomeruli in E. dilemma females was mainly due to the presence of a single cluster of 18 small glomeruli that is entirely absent in males (Figures 3 and 4b ). From its position in the AL and the relative smaller size of its glomeruli, this cluster is reminiscent of the T B cluster found across Hymenoptera (see Couto et al., 2016 for homogenization of cluster names). T B , described in hornets (Couto et al., 2016; , is thought to be homologous to the female-specific clusters T3b in the honey bee (Galizia, Sachse, Rappert, & Menzel, 1999; Kirschner et al., 2006; Kropf, Kelber, Bieringer, & Rössler, 2014) or T6 in ants (Kelber, Rössler, & Kleineidam, 2010; Mysore, Shyamala, & Rodrigues, 2010; Nakanishi, Nishino, Watanabe, Yokohari, & Nishikawa, 2009 based olfactory processing is similar in both sexes. In most bee species, males exhibit lower behavioral complexity relative to females, mainly concentrating on mating and nectar foraging behavior, the latter of which is even absent in some eusocial species such as honey bees (Gould & Gould, 1995; Michener, 2007) . It has been hypothesized that this correlates with a reduction in neural olfactory processing capabilities, as well as a specialization in the detection of a few sex pheromone compounds in male bees (Ayasse, Paxton, & Tengö, 2001; Hansson & Anton, 2000) . However, in orchid bees such a unisexual specialization on pheromone compounds is unlikely, since males and females are thought to interact with the perfume at some time in their life cycle. Furthermore, most compounds collected by orchid bee males are terpenes and aromatic compounds, which are also generally found in floral scents and resins that female orchid bees collect during foraging (Dodson et al., 1969; Eltz et al., 1999) . Accordingly, the similarity in the number of glomeruli between sexes (aside from the T B ) may represent usage of similar chemical information during foraging and mating behavior in males and females.
While males had fewer glomeruli in the ALs, our volume estimates detected two enlarged glomeruli, one of which qualified as a macroglomerulus according to the volume distribution. These glomeruli were male-specific, which suggest a male-specific olfactory specialization in E. dilemma. Macroglomeruli generally represent specialization of the olfactory system in the detection of crucial chemical information such as major pheromone compounds (Arnold et al., 1985; Hansson, Christensen, & Hildebrand, 1991; Nishino, Iwasaki, Kamimura, & Mizunami, 2012; Sandoz, 2006; Nishikawa et al., 2008) . Macroglomeruli are often found in the pheromone-detecting sex (usually males) and show neural activation following pheromone exposure (Hansson & Anton, 2000; Sandoz, 2006) . It is possible that the male olfactory system in orchid bees is also tuned to the recognition of important compounds present in perfume mixtures. However, it is similarly possible that the macroglomerulus is involved in the detection of other chemical signals such as unknown pheromones.
In conclusion, we found sex-specific differences in E. dilemma with regard to AL glomerular arrangement (i.e., T B ) and the size of particular glomeruli. Interestingly, the glomerular numbers are more similar between sexes than expected from previous analyses of other bee species. These sex-specific specializations of the olfactory system might be linked to differences in social and perfume behavior between male and female orchid bees.
4.2.1 | What are the neural determinants of perfume communication in orchid bees?
It has been hypothesized that the collection of a species-specific perfume requires a high olfactory memory capacity in male orchid bees (Eltz, Roubik, & Lunau, 2005) . Perfumes are species-specific not only in quality but also relative concentration of specific compounds (Weber et al., 2016; Zimmermann et al., 2009 ). Thus, male bees need to regulate the collection of single compounds in relation to the other compounds present in the perfume mixture. Indeed, Eltz and colleagues (2005) showed that males selectively avoid perfume compounds they collected previously, which suggests that perfume collection is regulated by prior experience and presumably memory formation. Moreover, based on the large number of compounds present in E. dilemma perfumes (22 compounds on average, Ramírez et al., 2010) it is likely that orchid bee males have a high capacity for olfactory learning and memory, usually a typical female feature in corbiculate bees (Hammer & Menzel, 1995) . However, we found that the mushroom body, a neuropil involved in the formation and retrieval of olfactory memory, had a smaller relative volume in males compared to females. It must be noted, however that the hymenopteran mushroom bodies integrate multiple sensory modalities (the visual input in particular is massive, Mobbs, 1982 Mobbs, ,1984 Gronenberg, 1986 ) and that they are also responsible for higher-order cognitive tasks (Devaud et al., 2015; Giurfa, 2003; Heisenberg, 1998 Heisenberg, ,2003 . It is thus difficult to directly relate total mushroom body volume to a particular behavioral trait. In orchid bees, both males and females possess well-developed mushroom bodies (25% of the reconstructed neuropils).
Similarities between males and females may have been integral to the evolution of perfume communication in orchid bees. It has been hypothesized that male collecting behavior has evolved from female pollen collecting behavior through a "feminization" process of male orchid bees (Kimsey, 1984) . Both, males and females use similar movements to collect and store these external resources. Since locomotion is controlled by the nervous system it is likely that neural structures underlying these behaviors are similar between sexes. Our neuroanatomical observations make sense in light of the feminization hypothesis if the capabilities required for olfactory learning are more female-like in orchid bees in comparison to other bee species.
